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RESEARCH MIMORANDUM

" SUPTRSONIC VWAVE IRAG OF SWEPTBACK TAPERED
WINGS AT ZERO LIFT

~ By Kenneth Margolis
SMARY

On the basis of a recently developed theory for sweptback winge
at supersonic velocities, equatiors are derived for the wave drag of
swepboack tapered wings with thin syrmetrical douvble-wedge sections
at zero 1lift. Calculations of section vave-drag distributions and
wing wvave {rag are presented for families of tapered plan forms.

Distributions of section wave drag alcong the span of tapered
wings are, in general, very similar in shape to those of untapered
plan forms. TFor & given taper ratioc and aspect ratio, an appreciable
reduction in wing wave-drag coefficient with increased sweepback is
noted for the entire range of Mech number considered. For a given
sweeop and taper ratio, higher aspect ratios reduce the wing wave-
drag coefficient at substantially esubcritical supersonic Mach numbers.

At Mach numbers approsching the criticel velue, that is, a value equal

to the secant of the sweepvack anzle, the plan forms of low aspact
ratio have lower drag coefficiente. :

Calculztions for wings of equal root bending stress (and hence
different sspact ratio) indicate that tepsring the wing recduces the
wing wveve-drag coefficient at Mach nvmbers considerably less than
the critical value but increases the drag coefflcient at Mach numbers
neer the critical valuss. Comparisons on the basis of constant aspect
ratio, however, indicate an increase of the wing wave-drag coeflicient
with taper at Mach numbers considerably less than the critical velue
and a decrease of the dras coefflcient with taper at Mach numbers
near the criticel value.

TTRCDUCTION

Recent Gevelopments in airfoil theory for supersonic speeds
_(references 1 and 2) indicate prouounced favorable sffects of sweep-
back on the wave drag. In reference 1, a method is developed for
calculating pressure drag at supersonic speeds for sweptback airfoils
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having thin sections at zero 1lift. Reference 3 applies this method
to calculate the supersonic wave drag for a series of untapered wings
with svmmetrical biconvex airfoil sections.

The present paper applies the method of reference 1 to derive
the generalized equations for the section vave drag and wing wave
drag of sweptbhack tapered wings with thin symmetrical double-wedge
sections at zero lift. Section wave-drag distributions and wing
wave-drag calculations are presented for specific families of tapered
plan forms. The airfoil sections and wing tips are chosen parallel
to the direction of flight. The angle of sweepback is referred to
that of the line of maximum thickness, and the range of Mach number
consldered is between 1 and the critical value corresponding to the
condition vhere the Mach lines are parallel to the maximum-thickness
line, that is, to a Mach number equal tc the secant of the sweepback
angle.

SYMBOLS
X, ¥, % cartesian coordinates
v velocity in flight direction
o] density of air
Ap pressure increment
q dynamic pressure (%QV2>

disturbance~velocity potential

M Mach number

B =M - 1

dz fax slope of airfoil surface

a root semichord, measured in flight dlrection

c chord length at spanwise station y, measured in flight
direction

~

t maximum thickness of section at spanwise statlion y
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A enzle of sweep of the line of maximwm thickness, degrees
my slope of line of maximum thickness (cot A)
my glope of wing leading edge
o slore of wing trailing edge -é—;l:m—q-—-\
1~ o }
b span of wing

=
I

S ving area
Iba
A agpect ratio (-S")
p s taper ratio, ratio of tip chord to root chord
Ca section weve-drag coefficient at spanwise station ¥
®© exclusive of tip effect
Ca increment In section weve-drag coefficient a2t spanwise
tip station y due to ip
c3 seci;aion wave-drzig coefficient at spenwise station ¥y
'cg + C
( 4, d*tip /
1)) wing mve-erag coeffic_ient exclusive of tip effect
m . - - ° '
thip increment in wing ':wave-drag coefficient due to tip

ving wave-drag coefficient C + G 3
Cp 8 g coefile (Dco Di1p )

Subscript s refers to conditions at root
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ANAIYSIS

The analysis is based on svpersonic thin-airfoil theory and on
the assumptions of small disturbances and a constant velocity of
sound throughout the fluid. These assumptions lead to the linearized
equation for the velocity potential ¢ (reference 4)

(1 - M2, + Pyy + Pyy = O (1)

where M 1is the Mach number of the flow and the derivatives are
taken with respect to the veariables x, y, and 2z of the cartesian—
coordirate system. It should e noted that the linearized theory

is not expected to be applicable near Mach number unity. On the
bagis of thls linearized theory, a solution for a uniform swept~
back line of sources in the pressure field is derived in reference 1.
The pressure field assoclated with this solution corresponds to

that over an alrfoil of wedge section. The pressure coefficient
A@/q at a spanwise station y and point x along the wedge is

fp_2dz Bl oenl £ BT pomyy o (2)
¢ wdx \ﬁ_Bamle Bly — myx|

where my is the slope of the leading edge of the wing, dz/dx is
the tangent of the half-wedge angle (approx. equal to half--wedge

angle since the angle is small), B = \/M2 — 1 and the origin of
the line source is taken at (0,0).

The distribution of pressure over sweptback wings of desired
plan forn and profile is obtained by superposition of wedge—type
solutions. In order to satisfy the boundary conditions over the
surface of a tapered wing of symmetrical dovble-wedge section, semi-—
infinite line sources are placed at the leading and trailing edge of
the wing and a semi-infinite line sink of twice the strength is placed
alcng the line of maximum thickness so that all three lines intersect
at one point., At the tip where the wing is cut off in the flight
direction, a reversed distribution of these lines of sinks and sources
are placed so as to cancel exactly all effects of the originel distribu—
tion farther spanwise than the tip. Figure 1 shows the distributions
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of sinke and scurces for a tapered wing and identifies the system
of axes and the symbols associstsd with the derivation of the drag
equations.

The disturbances caused by the elementary line sources and
sinks are limited to the reglons enclosed by their Mach cones.
Figure 2 shows the Mach lings configuration for the tapered-wing
plan form and indicates the regions of the wing effected by each
line source aad sink. For purposes of simplification the tapered
vings considered weie restricted to those with no tip effects other
than the effects each tip exerts on ite owm half of the wing. For
a2 wing of taper retio 0, no tip effecte need be considered since
the Mach lines corigineting at the tip 4o not enclose any part of the

Wingo

The pressure coefficients obtained from superimposing soclutions
of the type shown in equation (2) are converted into drag coeffi-
cients by the following relations:

Tor section drag st a spanwise station ¥y

rTrailing edge
Op éz
CiC = 2 = — dx (3)
d ’ q dax
vLeading edge
where
. y:\'ml - mg) + Camym,

mmp

is the chord length at y, and the integration is performed along
the chord parallel to the flight direction.
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The wing wave-drag coefficient is obtained by integrating the
section drag along the span and dividing the resuvlt by the wing
area.

yTip 1Tip NT.E.
2 L Np 3z
Cp = = CyCc Ay = — —_— —— dx b
D=3 g & =3 s o W (%)
tiRoot VReoot YJL.E.

wvhere S 18 the wving area, and the integration with respect to
is performed along the span.

DERIVATION OF GENERALIZED EQUATIONS

By superposition of wedge-type solutions (equation (2)), the
pressure field is obtained for a tapered wing with leading edge,
trailing edge, and line of maximum thickness sweptback. The drag
equations are derived for half of the wing since the drag is distri-
buted symmetrically over both halves. The induced effects of the
opposite half-wing are represented by the conjurate terms in the
integrands of the draz integrals.

For a symmetrical double-welge profile,

vhere t/c 1is the section thickness retio. The generalized equa-
tion, exclusive of tip effects, for the wing wave drag is obtained

as follows: (See fig. 3 for information pertinent to integration
limits.)
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5tSCD°° < dmO
= = > Caq C dy
8(t/c)®  u(t/c)? fy =
. i J+emy
o [ [ oo
1 )
= — A ax dy - A dx dy
-2\ JI2 o JL
o m o
am  y J+ally
2 1-fmy | mg [mo my
——2 B ax dy - B ax dy
\Il - Bmg? { 0 uby Vo L%
y
1.
T
+ B dx dy
amy  |y-am
I
amy  Tremp
l-
_om [ | [ " aras
\Il - 32m22 0 yPy+a
12&1!11 A
ey J i (“”’0 m
C dx dy + C dx dy
amy | famy |y-am;
1-pm, e V1-pmy Uy
73 3 ,V+am‘2
Hmg
- l B2 C ax dy (5)
0L
U g Vg
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vhere A, B, and C refer to the pressures resulting from the leading
line sources, line sinks, and trailing line sources, respectively.

2 2
1 X+ a+ mBSy o X+ a - mp-y
A= cosn™t L + cosh™ -
ﬁ{y + ImyX + am1' ﬁ‘y - myx - amll
2 2
-1 X+ meBy -1 X - mof%y
B = cosgh 1 ~—j‘9——— + cogh 1 ........mp__.._._
Bly + myx| Bly - mox|
v X ~-a-+ Bgv X -a- 62v
= cosh-l R + cosh“:L - ik
B'y + WX - am2| B’y - mox + amgl
. amy
The limiting case (taper ratio 0) is obtained by letting d = ,
o Ty
and the wing of constant chord (taper ratio 1.0) is obtained by
equating m, = = m,. The integrations in equation (5) are per-

formed and the resulting formulas for the section wave drag and the

wing wave drag for the complete range of conventional taper (0 § taper
ratio § 1.0) are presented in appendix A.

It was stated previously that the tapered wings considered have
no tip effects other than those each tip exerts on its own half of
the wing. This implies that the Mach lines from one tip do not
enclose any part of the opposite half-wing. This condition is
expressed mathemstically as follows:

For Bm2 § 1
2 2
Aspect ratio = o z 1o (6e)
a(l + ) 7 (1 + %) (Pmyny + mg - m)
and for Bmz > 1
2 Ly
Aspect ratio = o > ! (6Db)

a(1 +2) (L +A)(1 + Bmy)
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Tip chord

Root chord
equations (6) that this simplification does not materially limit the
range of Mach numwber that may be considered. For small taper ratios
this limiting effect is negligible and for taper ratio O there is no
limitation whatsoever eince equations (6) reduce to expres=zions that
are always valid.

where A is the taper ratio ( ) It can be seen from

The wave-drag contribution of the tip is (smee fig. 3)

ptrp  n {“3‘”0 e
8(t/c)2  h(t/o)? |Imomp(Lspmy J-pammy 1P
’ my (148, )

. _m% | Iy 5
d 1 - Bzmlz d:moz( 1+8my Y-emymy |dmy(1+Bmy )-m, (a+By)

m(Lpmg) m

dx dy

T+am,
} L
o ma

arp®(1+Pm J-ammg |y

tr -

(L) | o

D dx dy

, am02(1epmy Jamymy  F+amy

o my(lebmp) mp

amomp(1+8my )-2ammy | dmo(1+Bmy J-my (a+B7)
my ( 1+pmy ) m .

Ddx dy

- | E dx dy (M
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where D and E refer to the pressures resulting from the leading
line sink and line source, respectively.

-1 ml(:c + a) - dmgy - mlgﬁg(y - dmo)
Bmlly - ml(x + an

=]
!

= cosh

. X - 4 - BPmo(y - amp)
Bly-mOXI

E = cosh

The Mach cone from the trailing line sink at the tip does not enclose
aay part of the wing and, hence, has no effect on the wave drag.

Equation (7) is solved for section wave drag and wing wave drag
for the complete range of taper and the results are presented in
appendix B. The total wave-drag coefficients are then obtained by
the following relations:

Ca

C + C .
d’oo d‘tip ‘}

(8)
CDoo + CDtip

Cp

It is found that CDt' is identically equal to zero for all
ip
cases satisfying the aspect-ratio limitations expressed in equa-

tions (6) and, hence, Cp = CDm for the tapered wings considered.

The conditions impeosed in equations (6), although not materially
limiting the range of Mach number for tapered wings, do limit to a
certain extent the range of Mach number for low-agpect-ratio wings
of constant chord. Equation (6a) for this case reduces to

Aspect ratio 2

w

since m1 = Wy = L
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For untapered wings of aspect ratio 2, 1, and 0.5, the lowest
Mach numbers that can be considered without taking into account
additional tip effscts ere 1.118, 1.4ik, and 2.236, respectively.

It is desirable, therefore, to take into comsideration for mntapered
plan forms the induced effects of the opposite tip when the Mach
lines from cme tip enclose parts of the opposite half-ving. Figure &4
sliowe the Mach line configvrations for these induced effects, and the
drag equations are derived in appendix C. The wing wave-drag coef-
ficient is ther obtalned from equation (8) where thip for thess

cases inclufes the effects induced by the opposite tip.

RESULTS AND DISCUSSION

Calculations were made for families of tapered plan forms, each
family characterized by & ccomstant sweepback of the maximm-thickness
line. The plan forms were obtained by considering the moment of the
area about the root chord divided by the cube of the root chord to
be constant for any given family. The aspect ratio varies with
taper ratlo because of this erea-ncment parsmeter.

For a constant thickness ratio the parameter, area moment
divided by the product of the root chord and the square of the root
thiclmess, is also constant. This condition is intended to imply
that to a first approximetion the root bending stress is the same
for all members of any femlly haring the same thickness ratio. A

tion with taper ratioc is shown in figure 5.

Section weve drag.- Section wave~drag distributions for wings
of taper ratioQ, 0.5,and 1.0 are presented in figwres 6 to 10 for a
Mach number of 1.414% and sweepback of 60°. The distributions of
section wave drag of tapered wings are, in general, very simllar to
those of untapered plan forms. As & point of interest, the induced
effects of the opposite half-wing and the tip-effect distribution

~are shown in figure 10 as separete curves. The total section wave-

drag distribution is then obtainzd by adding the tip drag curve to
the solid-line curve. The tip effect is placed correctly as shown
for a wing of aspect ratio 1.0; for a wing of aspect ratio 2, this
tip drag distribution should be shifted 1 semichord to the right.
:I[t is seen by rc\aference to figure 5 that figures 6, 8, and 10

2 -~ n A1 Py
\difp? AUy A = L @l O

of wings and that figures 7, 9, and 10 (fig. 10, A = 2) are for

A, 49 g Tt S A ~T L al
soction wmve-drag distributicns for cne family

‘another family of wings vhose espect ratios are twice as large,

respsctively.
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It is interesting to note at this point that for a given Mach
number the section wave-drag coefficient at the root is a function
of the sweep of the mzximum-thickness ;ﬂne only; the terms involving
leading-edge sweep acdding up to zero. (See section drag equation
in appendix A for y = 0.)

Ving wave drag.- Typical variations of wing wave-drag coeffi-
clent with Mach number for wings of taper ratio O and taper ratio 1.0
of the seme family are shown in figwres 11, 12, and 13 for 50°, 60°,
and 70° sweepback, respectively. At some Mach number between 1.0
and the critical value (Mcritical = sec A), the drag curve for the
tapered wing has a discontinuouvs slope. This discontinuity occurs
at that Mach number corresponding to the condition vhere the rear
Mach line crosses the trailing edge of the wing, that is, vhere

2my - I

B -
Iy my

In this region and near the critical Mach number (B = l—), the

theory is not expected to be applicable because the assumption of
small disturbances is violated, but the results are presented in
order to give a more complete picture of the linearized theory.

It is seen from figures 11 to 13 that taper reduces the wing
wave-drag coefficlent at Mach numbers substantially below the
critical value but increases the drag coefficient at Mach numbers
approaching the critical value. This trend is similar to the one
shown by the effect of high aspect ratio on the wvave-drag coeffi-
clent of wings for a given taper ratio. It must be remembered
that for the families of tapered wings considered in these calcula-
tions, however, the wings with greater taper have higher aspect
retios and, hence, the effects of aspect ratio as well as taper
are included in this trend.

Variations of wing wave-drag coefficient with taper ratio for
different sweepback angles at a Mach number of 1.2 are shown in
figure 14. The untapered wing for this family has an aspect ratio
of 1.0 end the variations of aspect ratio with taper ratio are
Presented in tabular form in the figure. For a given sweep angle,
the wing of taper ratio O has the lowest drag coefficient and the
untapered wing the highest. As the Mach number approaches the

critical value (B = L , this trend would reverse itself and the
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untapered wing would have the lowest drag coefficient as can be
seen by reference to figures 11 to 13. It is also evident from
figure 1% thet for a glven taper ratio and aspect ratio, en
appreciable reduction in wing vave-drag coefficient is accomplished
with increased sweepback.

Figure 15 presents variations of wing vave-drag coefficient
with taper ratio for three families of wings based on untapered plan
forme of aspect ratio 0.5, 1, and 2, respectively. The resulis are
presented far 60° sweepback and a Mach number of 1.:14. Pertinent
detdils of the wings are presented in tabular form in the figure to
facilitate interpretation of the plotted curves. The aforementioned
trend of reduction in wing wave-drag coefficient essociated with
high aspect ratios at Mach numbers substentially below the critical
Mach number for a given taper ratio is clearly seen in this figure.
By choosing points along these curves corresponding to wings of the
same aspect ratio, 1t is seen that for a constant aspect ratio
tapering the wing increases the wing wave-drag coefficient. By a
similar procedure it can be shown that for wings of constant aspect
ratiq taper reduces the wing wave-drag coefficient at Mach numbers
near the critical value. The increase in aspect ratio with taper
ratio defined by the area-moment parameter thus has the effect of
offsetting the adverse effects of taper at the lower Mach numbers.

CONCLUSIONS

1. Distributions of section wave drag alcng the spen of tapered
-wings-are; 1in general, very similar in shape to those of untapered

plen forms.

2. The section wvave-drag coefficient at the root is a function
of the Mach number and the sweep of the maximum-thickness line and
is independent of taper.

3. The increment in wing wave-drag coefficient caused by the
tip is identically equal to zero for all tapered and untapered wings
for vhich the Mach lines from one tip do not enclose any part of
the opposite half-wing.

k. For winzs of equal root bending stress, taper reduces the
wing wvave-drag coefficient at Mach numbers considerably lees than
the critical value - that is, a value equal to the secant of the
sveepback angle - bul increases the drag coefficient at Mach numbers
near the critical value.
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5. For wings of constant aspect ratio, taper increases the wing
wave-drag coefficient at Mach numbers considerably below the critical

value and decreases the wing wave-drag coefficient at Mach numbers
near the critical value.

6. For a given taper ratio and aspect ratio, an appreciable
reduction in wing wave-drag coefficient with increased sweepback is
noted for the entire range of Mach number considered.

7. For a given sweep and taver ratio, higher aspect ratiqs
reduce the wing wave-drag coefficient at substantially subcritical
Mach numbers. At Mach numbers approaching the critical value, the
plan forms of low aspect ratio have lower drag coefficients.

The generalized equations presented in the appendixes may be
used to calculate the subcritical supersonic wave drag at zero lift
for any conventionally tapered or uwntapered wing with symmetrical
double-wedge airfoil sections and with leading edge, trailing edge,
and line of maximm thickness sweptback.

Langley Memorial Aeronautical Laboratory
National Advisory Committee for Aeronautics
Langley Field, Va.,
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APPERDIX A

15

EVALUATION OF EQUATION (5) FOR SECTION WAVE IRAG AND WING

WAVEIRPGEXCIUSIV’EOFT]TEFFECI‘S[Bg—j

-

1

Section Drag for 0 < Taper Ratio< 1

wcq _C

b(t/c)?

= A

A+3B

A+B+C

=A+B+C+D

vhere

for

Ao 2 y(mp + my )+ amgly -1 y(1 + mgmp®) + em
Bl(m + mp) + ammo]
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i y(me + ml) + 2amym, cosh'l y(l + mlmQBQ) + 2amy

2m,, BEy(ml *mg) + 2amlm.2]

Y(m - mp)s femmy y(1 - mymep?) + 2am,
2ny, Bly(mp = my) - 2ammy|

2 V(Mo + my) + ampm, coun”L y(l + momgﬁe) + am,
1 - pim,” T2 Bly(my + my) + amo’“e]

2p2
-1 1T v (mp - mp) + amomy oosn-l y(l°m0m232)+am2-]

- by cosh
2P, 2 Bly (my - mp) = amgmg IJ>
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2
B = 2 y - ! y(""""“OmlB )-aml
L - Bong? <l[»[(”’o+1!13_) mﬂo"ﬁ] cos ﬁ’y(mo-a-ml)-amoml'

1 y(l - m0m152) - amy ]
o - 7o) + ammo]

+ [y(mO - n?l) - amoml] cosh”

1 7(2 + momp®) - emg
P lr(mo + 5) - e |

2

mo\L - B%my®

C =

{[’(’”o + mp) - amgm | cosh

+ [Y(m2 - my) - amemo] cosh

L
Ffr(a0 52+ sagio]

and

5'(1 - ml‘”eﬁe) - 2am

- D= 2 y - + 1 cosh™t
myf2 - p2m,? {[ Ca 77 = Blo(my - mp) + 2amymy]

1 :f(l + mlmgﬁg) - 2amy L
Bly(m, + m.) =~ 2em.m_ |
| M c/

- Ev(ml + o) - Eamlmg] cosh”
12l |
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Wing Drag for O < Taper Ratio < 1

“SCD“=A

8(t/c)?
= A+ 3B
=A+3B+C
=A+B+C+D

where

A= 2

L - #2mg2 |mo” - my®

o fate - -

any )

3. a2
mya q all-g
o cos;hl (

for

0 < < am

:dmo=l_Bml
am:

1 < anmg < &l

l-ﬁml 1 - Bmy
2

0 ¢ gn, g 2
l-Bm0 l-Bml
2aml < Samoml
1 - Bmy T mg tmy

cosh

emp (g = g )

a

2), a 1+ m252
amo )+ - 2d2m02 cosh™t —t-m—o-f:-
oy

2Pmy

1 o1 - mgmye®) + emy

g |mp(a - @) - amp |

m02 Eimo + my(d + a)‘!2 o1 dmo(l + momgﬁg) + amg]>
©4 : =~ cos

2mp(Hg + My )

+

Bmo[dmo + my(e + a)] J

2(mp + my )

N o, jdmy + m(a + d).lg - d(l + {32%1111) +a
= cosh

B[dmo +m(d + a)]
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d‘%ﬁbe cosh"l 1+ mlzﬁa _mo [53"’0 - ml(d‘I' a)]2 couti-L d(l - 52%1111)4— a
2 2Bmy 2(mg - 1y ) Blamg =m(d+a)l

Fa . oo . 2 ! - \
_ 18mo(my + mp )+ 2amymy | cogp-t T\l + Brmymp ) + 2amp

hap (my + mp ) B[dmo(ml +my )+ 28”1”2]
, [mo(mo - m) - cemmy° cosg'l ang(1 - mymop? ) + 2am,
by, (mp, - my ) Bldmg(my = my) - Qamlmelj

+ —-—-—}—--——-— *-d%noe cogh'l .];:..:.:..2_2_5_2.
V- o s

~

ka®my1my cogn™) dmo(l - mzéﬁg) + 2am,

”’22 - m? 2Bam22
(1 - m22

s T U B
m,2 - m 2 epm,?

-1 1
cosh 1

+ azmogml L cosﬁ'l 1 + ' =
(3o my 1 - PPy "L (3my - m) \ﬁ - B%my? e

by -11 ]
- cosh -B~——
(my - m)(mp + mN1 - Bom" P

*when 1 - m2252 is negative neglect term marked with asterisk

(dzm()2 cosh™! M) in values for A and use the relation-
2pmy

ship cos™lx = -icosh™lx for all terms involving —_—

L - my2p2

as

miltiplication factor.
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B - omy a2m13\ll - mOEBQ cosh™ dmo(l - mleﬁg) - amy
- #2m02 | (my® - mp?)\b - w22 apm, ®
. mo[dmo + m(a - a)]"2 -l dmo(l + mamy B ) amy
omy (g + my ) emolaug + my) - amy
) mofm(a + a) - dmo:‘2 coen”) dmo<l - momlﬁg) - amy
- emy(my - ) Bmg |d(my = mp) =+ &my |
C = i amo?mel -m?' coshld(l- QBP)-a
\}1 - m, 2 (moa - m?e),ﬁ apmg
. [dmo + mo(a - &1)]2 cosn-L d(l + momeﬂe) -a
2(mp + mp) Bdmg + mp(d - &)|
[amy + my(a - a)]2 — a(1 - momp?) - &
2(mo - mp) B jamy + my(a - a)|
and
. 1 haaml:”mg\’l - me?-B? - h-l Gmo(l - leBQ) - 2amy
o o -

. [dmo(ml -mp )+ Eamlmg]g cosh'i dmo(l - mlmgﬁg) - 2amy
2y (. - p) ol =) - 2

- [dmO(ml + m’E) = zam]_m‘z.:lg ’l dlﬂo(l +- mlmQB ) - Qaml
2my (my + my) Bjamy(my + mp) - Eamlme!
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For 3-<ﬁ<;—5, wse A+ B +C where

2 1 - 2
A= 2&2m0 1 %0(31”1 - ) cosh™t E__io.%
- m6262(3my - mp) (mo? - m?) (o = m

- 2my(mg - my ) log (1 + \‘1 - m0232>]

B = 2 %o {mo(mo - my ) log (l + \’l - mlgﬁe)
| “1 - m12;32(m02-m19);_

1 - 2
- 2m12 cosh ™t -——-im-(-)-m-?f-
B(my = my)
and
- 4 a®mmy? [znle cos™1 ml(l - moeﬂg? + 1y - My
\’1' 2B (2my - mp) (g = my ) (3my - mg) Pt (T = ™)

+ (2m - mo)(m - m) cos”t Big—

- mp(3my - mo) cos™ m (1 - mymop®) + m - moJ

2Pmy(mp - m )

, wse A+ B plus

a ol \m omy 3/ )
2m1m0 3ml -mO ) j 3/2<3m - mO)]
(Bmy = mo)(mp = mg )2\ Py %o /]




NACA RM No. L7B23a 23

Far Bs-:-L-, use B + C plus

g
aaemozml{ 1 - !
- ml)ﬁ - m, %2 (3m; - my)(mp + m

(o :
Section Drag for Taper Ratio 1.0

GGNCX\P. - Bzmoe N

for Ogyg o
b (t/c)2 1 - fmy,
=A+3B o <y < °__ .
1-PBmy ~ “-1-pm
=A+B+C <y <o
l-ﬂmo
vhere

A o ey + amo) cosh™t 7+ 22 + emp L= S B p2mg2
o Bug(2y + emp) ™o 2fy,

+ ha cosh™t y(l - 32,,,02) & 2(5'*3”0);0@-1 yA(]"'”‘32"'02)"'3"“0

apm2 - To 2pmg(y + amp)

- 2a cosn™t 7 - #%?) + 2amy
2afm,2

p MEmmo) o y(ieetaef)-em ) 5(1-6%?) - em
oy Bang (2 - &my ) apm, |
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(l - 52m02) - 2amy i 2(y - amy) cosn-1 y(l + Bgmoe) - Pam,

C = 2a cosh™t y .
Qaemoe - mo QBmO(y - amo) !

Wing Drag for Taper Ratio 1.0

CDmﬂS\jl - Bzﬂlo‘ _a for 0 < dmy < aly
B /)2 TR
| amp - 2am
= A+ B l_BmO<dmO§l_Bmo
2am,
= A B C < <o
£ B+ - g
where
ol ) o] (e
1 - Bzhoe - apmg,

o N y
R N
L2 \](1‘- 82m2)a2 + 2ads &%+ my(2a + 2)2 cosh™> (14 6%m2)ax+ a

'1_ B2m02 Pmy(2d + a)

| 2 2
1
- 6d%no cosh™t —-—iE_PQ—

Qﬁmo
_emolo(3 - 0%6?) + 2af - 0 ?)] (- B%m)a s e
- . B2m02 cos 2abm

2
+ "_f—'mo‘“" \I(l - Bemog)d2+ Lad + ha - mo(d+ 8)2 cosh-l (l+ B%ﬂo )d+ Pa
Jl- BEII'02 EBmo(d+ a)
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B - &mo[a(3 - 8%m02) - ra(2 - Bemoai‘ _ (1 - BPmp?)a -

l- ﬁ2m02 16

2emyy

-1 (1+ Bgmog)d.- a

‘J(l - 321-"102)\'12 - 2ad +8° + my(24 - a)? cosh

<

| ﬁ-s%& pmg(2d - a)
end
o - amoEa(3 - B%nO?) - 2d{1 - 52%23 o™ (1 - 32%2)& - o8

1 - B4’ 2afu,

S \l(l - p2my2)a? - led + he®
- Bemoa

-1 (l + Bamog)d - 2a

- - a)2
mo(d. a)< cosh Qﬁmo(d-a)

When £ = %m-a, use the following expression

cDeu ) lanO [(2(1 . 8)3/2 -(a+ 8)3/2]
(tfc)° 3md\e
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APPENDIX B
EVALUATION OF EQUATION (7) FOR TIP EFFECTS [B s ]

Section Drag Increment for O < Taper Ratio < 1

|+

For aspect-ratio limitations, see equations (£).

2
"aap”" A <f o Mo (L + Pmy ) - amym, <3 dmo)

<
lt(’c/c)2 my (1 + Bug) =
R . dmoms (1 + Bmq ) - 2amym, <r< d.mo\
m (1 + fmp) -7

A
HA

+ C (for dm?(l * ) - e N dmo>

1l -+ Bm2

where

- ymy + emmg - dmg°
Py, (4 - ¥) |

A=-2(y - dm,) cosh

_y yuy (2 mgmyp®) - amg? (2 - m,%2) + amym,
Bmy [y (mo = 21 ) - amymg)|

2 - -
L 2P0 -m )-amm)

h

m, 1 - leBE
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s gz T 4(0/3)0my
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RN R L=y AP

M 0138y qo0edsy {0°T o138y JedB] J0J Juemesoul IBX] uoTq00g

i

| e - (O - Zm)elg o el L
e + Amamoa - .&mﬁo - Amnmaoa - .nvh 1-1%° T2

[Ows - (0 - Az ©

(£ ~ Omp)Cug
(p - 8)%m + £ T~

Y800 Aosc.. @m - =7

.Haosm - (Tm - Om)s|Tmgz o051 - .%os

Amauﬂa - .nvmosd - Tulmaz + Amuoam.ﬂs - Oz . .msmvh T-190° ﬂwﬂoam - £(Tm - oam'm. )

(£ - Omp) Oy
(Oup - ) On + (Om - Tag) % T-

wso0 (%wp - £) = g
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where
__'.:..._...é. )
A= Jl Bgmo (v - any) copn-L 17 my(2a - d)
| 7o By (dmy - ¥)
+ 28 cosh™t (1 ) mOQBQ)(y - dmg) + 2amg
EaBmO2
and

-1 " mo(d - a)
Bug (dmg - ¥)

5. -h\’l - pPmy°

T Cy - dmb) cosh

- 252 -
- ha COSh-l (l mO B )(y dmo) + amO
aBmO2

There is no tip effect whatsoever for the wing of taper ratio O,
and the increment in wing wave drag caused by the tip is identically
equal to zero for all cases satisfying these aspect-ratio limitations.
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(e + P)Oumg jo - ®}Cyg
+ 7)o + - 2Yon =
L8,0m + 1100 g7 * P) 59,0m - o -1 g(® - ®)
Orgo1
_ e-p+g{ Cup+£)
(Ome + xOm + £)g (©z-p+¢%up) O 2(2/3)%mg
P .n..zmoo O , - T
Aoac+hvmaoa+c-c+a Ourp | mosmu-.m—,mu 49
Omg-+£ R -
Oug + 1 = L
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y+amy
‘I -m.282 —
CDtip“S 1-myB o o -1 X+a- d+mOB2(y+ dmg ) ax

5 = cosh dy
emO(t/c) o (y+dlno){3+d-a B (y + myx + amy )
-1 a-dmy2p°® _q 2a-a(1+my?p®
=m()(a-<3.)2 coshl—a—-—d—-i—mo-—ﬁ——-coshl 2 (+mOB)
Bmg la - al 2pmyla - af

N
\

., %8 - a1 - m,?62)

2
- h
a mo co8s QaBmo
2,2
+ mo(d_ 5 a)e cggh-l f__:.im_g..ﬁ——
puy(d + a)

d

+ \'l - [3211102 (c:esh":L 2a -4 ) coan”t -9-—->
2

Bmod Pmyd




o+ Cup+£) g
? fp x (%0 + bm ysoo A?d._,noacvos
? O s ) da s T On o]
oam;;
Ot
8-p+(Cup+£)g 9-1
. (Oms + xOm + £)g (e-p+g0up) Cu
e ¥® (Cup + £) 6% + D - ® + X - m:m oup N
Ou Oug.1
(Cwa + xOm + £)g £l (e-p+gOup) O
fo xp (Cup + Bmm_oa R -1 oy . Ouo *
Ore+£
Omg.
v-p+g(Vmp+£) 91 _
o (%ms + xOm + )¢ ( we~p+gOump) O 5(3/%) %
m e (Omp + avmaoa +P-8+X .Tgmoo Oy Otg-1 N osmu ..|$m=ﬁpno
] Omg+£  (e~p+gCup) Om ¢
o
=
m. Omg + T - g2
c ...maml.A< e = >V>0
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| - am2s2 - pam2p2
= My (a-d)2 cosh-l f.—-Em—g-f-—--.(::3,--26.)2 cosh™> ?———d—mo——-
By la - & | pmgla - 24|
3262 . a+ pam2p2
+ (a+ a)2 COSh-}' w- (24 - a)2 cosh 127 dmogﬁ
pmy(d+a) puy(2d +a)

- 26.2 1- [3211102 (cosh”:L IR cosh':L —-f‘-'-—->

Bmod- 2Bmod.
Case IV'

0<A<.1'...and_ Iﬂo .§A<...?_..no.._

2B 1+ Bmg 1+ Bmy

The lower limit for ¥y is changed to O in the first integral
of case IIT and the resultant expression for the drag is

Cpy #S\L - Bomy L a=am2p2. o = a(1 + m2p2
Zuip \' 2”’0 =19 (&-d)gt’oshl—a——dﬂ—ﬁ—--cosh-l 2 (+moB)

B (/)2 prgla-a] - 2mmple - 4
2,2 242
.y a-2d _
-(a- Qd.)ecoshl ?'-_—EOLJ, (a+2a)° cosh™™ i:-iim-‘?—?—
pmg | - 2d| pm,(d +a)
. ! 2,2 -aly- 2
- (2d+ a)e cosh™ a+edngP - a2 cosh + 2 (l B%no )
Bmy(24 + &) 2apm,
-de\,l - B 2 (o cosnt B . 8 cosh T —&
Pmyd 2fmyd

-.J.'.. cosh_l ?.a_:._g'
2 Bmod
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Case V
O<A<-l-— and A< 0
2B 1+ fmy

All four lower limits for y are chengsd to O 1in case III.

thipxs\ll- 5%m,2 » 8 - amP
- =m, (a - 4)° lcosh — ~—————e-
&no(t/c)d ﬁmofa - al
;q 2a~d4ai\l 22 - _ -0 232
- pcosh - 2 ( +mOB) -(a-26.)2 coshl-a;——dm—g——
opm,la - al BmO}a-.?dl
- 22 2,2
L a-d1+B ~
-cosh T ( o ) +(a+a)® cosh™t iid—-i‘i
Pmg |a - 2d| Bmo(d +a)

2n2 2.2
o a+2 B a=-4a\l- B
- (2d+ 2)? cosh™ -——---dm—g—-—-ua2 [coeh’l ( "o )

pm,(2d + &) afmy,

2a - a1 - p%m,2 —_ .
- 2 cosh™t oy Bmo)-l--dgl-ﬁv"amo2 pcosh> 224
Pmnd
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Figure 8.- Section wave-drag distribution for wing of taper ratio 0.5.
Mach number, 1.414; aspect ratio, 1.63; sweepback angle, 60°.
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